Monoacylglycerol lipase (MAGL) catalyzes the last step of triacylglycerol breakdown, which is the hydrolysis of monoacylglycerol (MAG) to fatty acid and glycerol. Arabidopsis harbors over 270 genes annotated as 'lipase', the largest class of acyl lipid metabolism genes that have not been characterized experimentally. In this study, computational modeling suggested that 16 Arabidopsis putative MAGLs (AtMAGLs) have a three-dimensional structure that is similar to a human MAGL. Heterologous expression and enzyme assays indicated that 11 of the 16 encoded proteins indeed possess MAG lipase activity. Additionally, AtMAGL4 displayed hydrolase activity with lysophosphatidylcholine and lysophosphatidylethanolamine (LPE) substrates and AtMAGL1 and 2 utilized LPE as a substrate. All recombinant AtMAGLs preferred MAG substrates with unsaturated fatty acids over saturated fatty acids and AtMAGL8 exhibited the highest hydrolase activities with MAG containing 20:1 fatty acids. Except for AtMAGL4, À14 and À16, all AtMAGLs showed similar activity with both sn-1 and sn-2 MAG isomers. Spatial, temporal and stress-induced expression of the 16 AtMAGL genes was analyzed by transcriptome analyses. AtMAGL:eYFP fusion proteins provided initial evidence that AtMAGL1, À3, À6, -7, À8, À11, À13, À14 and À16 are targeted to the endoplasmic reticulum and/ or Golgi network, AtMAGL10, À12 and À15 to the cytosol and AtMAGL2, À4 and À5 to the chloroplasts. Furthermore, AtMAGL8 was associated with the surface of oil bodies in germinating seeds and leaves accumulating oil bodies. This study provides the broad characterization of one of the least well-understood groups of Arabidopsis lipid-related enzymes and will be useful for better understanding their roles in planta.
INTRODUCTION
In plants, lipid catabolism is known to be an active process that can mobilize storage oils to provide carbon and energy sources and can detoxify deleterious membrane lipids caused by senescence and abiotic stresses, including heavy metal stress (Kaup et al., 2002; Mueller, 2004; Gao et al., 2010; Troncoso-Ponce et al., 2013) . The best characterized catabolic pathway of plant lipids is the hydrolysis of storage triacylglycerol (TAG) to glycerol and free fatty acids that are further oxidized by b-oxidation during seed development and seedling establishment (Graham, 2008) . During senescence, breakdown of membrane lipids and TAG is also an important process for remobilization of carbon reserves stored in leaves into seed filling (Gerhardt, 1992) . In addition, it has been suggested that peroxidized membrane lipids can be repaired by the cleavage of the peroxidized fatty acid residues and subsequent re-acylation with unmodified fatty acids (Nigam and Schewe, 2000) . According to analyses of the Arabidopsis transcriptome, many genes encoding enzymes which are involved in lipid hydrolysis and b-oxidation (e.g. lipase/acyl hydrolase, phospholipase, lipoxygenase, long-chain acyl-CoA synthetase and acyl-CoA oxidase) have been reported to be induced in germinating seeds and senescing leaves of Arabidopsis. The initial step of breakdown of storage TAG in germinating seeds is known to be catalyzed by the Arabidopsis lipases SUGAR-DEPENDENT1 (SDP1) and SDP1-LIKE (SDP1L) (Eastmond, 2006; Kelly et al., 2011) . Both SDP1 and SDP1L lipase showed strong activity with TAG substrates but low or no activity with diacylglycerol (DAG) or monoacylglycerol (MAG) substrates, indicating that other enzymes might catalyze the hydrolysis of DAG or MAG (Eastmond, 2006; Kelly et al., 2011) .
In mammals, hydrolysis of stored TAG in adipose tissues is processed by sequential reactions; the first is a rate-limiting hydrolysis of TAG by adipose triglyceride lipase, followed by subsequent hydrolysis of DAG or MAG (Young and Zechner, 2013) . Therefore monoacylglycerol lipase (MAGL; EC 3.1.1.23) is required for the complete breakdown of TAG to fatty acids and glycerol (Tornqvist and Belfrage, 1976; Fredrikson et al., 1986) . MAGL, a member of the serine hydrolase family, shares the a/b hydrolase fold which consists of a central b-sheet surrounded by a variable number of a-helices (Ollis et al., 1992) . The active site of MAGL is made of a catalytic triad [Ser in a hydrolase motif (GXSXG), Asp/Glu and His] (Karlsson et al., 1997) . Human and animal MAGLs were reported to be localized in the cytosol and the plasma membrane (Dinh et al., 2002) . Animal MAGLs exhibit a marked specificity for hydrolysis of MAG, and can hydrolyze efficiently substrates with various numbers of double bonds and acyl chain lengths (Rindlisbacher et al., 1987; Vandevoorde et al., 2005; Labar et al., 2010b) .
Since the Arabidopsis genome sequence became available in 2000 a major goal of plant biology has been to define the function(s) of the very large number of genes for which no experimental evidence of function is available. Over 10 000 Arabidopsis genes are annotated based only on sequence similarity to well-characterized genes from plants, animals or microbes. Concerning the lipidrelated genes, although it is known that the Arabidopsis genome harbors 16 putative MAGL genes (http://aralip. plantbiology.msu.edu; Li-Beisson et al., 2013) , almost nothing is known about their molecular and biochemical properties and their roles in plants. It was recently reported that a peanut (Arachis hypogaea) monoacylglycerol acyltransferase (MGAT) harbors dual activities that catalyze both the synthesis of diacylglycerol and the hydrolysis of MAG and lysophosphatidylcholine (LPC) substrates (Vijayaraj et al., 2012) . Similar to the peanut MGAT, the Arabidopsis homolog (At1 g52760; AtMAGL3) was revealed to have bifunctional monoacylglycerol acyltransferase (MAGT) and acyl hydrolase activities (Vijayaraj et al., 2012) . This gene (At1 g52760) was initially identified as a putative lysophospholipase 2 (lysoPL2) protein interacting with acyl-CoA-binding protein 2 (ACBP2) (Gao et al., 2010) . It was suggested that under cadmium-induced oxidative stress condition, the lysoPL2 might function in the detoxification of the peroxidized membrane by the removal of damaged LPC (Gao et al., 2010; ) .
In order to provide initial characterization of the Arabidopsis gene family that encodes putative MAGL, threedimensional protein structures of 16 putative MAGL members were compared with those from human MAGL in a computational model. Eleven recombinant AtMAGL proteins purified from Escherichia coli were examined for substrate specificity and regio-and fatty acid specificity with MAG substrates. Public microarray data were mined to determine expression patterns of all AtMAGLs in various Arabidopsis organs, developing pollens, germinating seeds and senesced leaves and in young seedlings after abiotic stress treatments. In addition, the subcellular localization of YFP fusion proteins of MAGL was examined. Our findings provide molecular and biochemical information to help understand the roles of MAGL in Arabidopsis.
RESULTS

Identification and phylogenetic tree of 16 Arabidopsis MAGLs
Based on the acyl-lipid gene catalog (http://aralip.plantbiology.msu.edu; Li-Beisson et al., 2013), we grouped 16 Arabidopsis genes that are annotated as a putative MAGL family and named them AtMAGL1 to AtMAGL16 according to the order of gene ID numbers (from At1 g11090 to At5 g19290). When BLASTP analysis of the Arabidopsis proteome (http://www.arabidopsis.org) with the conserved a/b hydrolase domain of 16 AtMAGLs was performed, we did not find any other Arabidopsis proteins that fall into this family. To analyze the relationship between the AtMAGL genes, pairwise multiple alignments were carried out using CLUSTALW software (http://www.genome.jp./tools/clustalw), and then a rooted phylogenetic tree with branch length was constructed. The AtMAGL genes were divided into eight groups (I-VIII). Group I was first divided from the other AtMAGL genes and the AtMAGL14 and À16 genes have very recently been duplicated ( Figure S1 ). Alignment of the deduced amino acid sequences from the 16 AtMAGL genes showed that catalytic triad (Ser, Asp and His residues) corresponding to the active site of MAGL was conserved in all AtMAGLs. Also, the GXSXG consensus sequence of the hydrolase motif was also conserved in 14 of the AtMAGLs; however, the first Gly residue changed to Ser in AtMAGL14 and À16 ( Figure S2 ).
Computational modeling of Arabidopsis MAGL protein structures
To infer the three-dimensional structures of AtMAGL proteins, the structure of the well-studied Homo sapiens MAGL (HsMAGL) protein was compared with that of 16 AtMAGLs using a computational model ( Figure S3 ). The protein structures of all 16 AtMAGLs were similar to that of HsMAGL (Labar et al., 2010a) ; at 42-52% percentage similarity with 61-90% structure coverage. The structures of AtMAGL6, -8 and -10 were most closely related to the HsMAGL, with 48-51% percentage similarity and 88-90% structure coverage. When the predicted ribbon structure of AtMAGL8 was compared with that of HsMAGL, both human and Arabidopsis MAGLs were found to have the special features of the a/b hydrolase superfamily, which consists of the central b-sheet and six a-helices (Figure 1a , b). In particular, the hydrophobic a4 helix, the glycerol exit a6 helix and a catalytic triad in the active site are shown to be conserved between AtMAGL8 and HsMAGL (Figure 1a, b; Labar et al., 2010a) . The transverse section highlighted near the nucleophilic serine residue, which is in the catalytic triad, is shown in the red and purple U-shaped lines, called the nucleophilic elbow ( Figure 1b and 1e, respectively) along the nucleophilic serine residue (Nardini and Dijkstra, 1999) . AtMAGL8 has a wider U-shaped architecture than HsMAGL. The catalytic triad of HsMAGL (S122, D239 and H269) is shown at positions S119, D239 and H269 of AtMAGL8 (Figure 1c ,f). When three dimensional structures of HsMAGL and AtMAGL8 harboring the GXSXG consensus motif were compared with those of AtMAGL14 and -16 having the SXSXG motif, the U-shaped lines shown in HsMAGL and AtMAGL8 were distorted into Wshaped lines in AtMAGL14 and -16, suggesting that the hydrolase activity of AtMAGL14 and -16 could be damaged ( Figure S4 ).
Optimal pH for acyl hydrolase activities of the recombinant AtMAGL proteins
To examine acyl hydrolase activities of putative Arabidopsis MAGLs, the 16 AtMAGL genes and the HsMAGL gene were cloned as maltose-binding protein fusions and expressed in E. coli. Fourteen recombinant AtMAGLs (AtMAGL1 to AtMAGL11, AtMAGL14 to AtMAGL16), HsMAGL and maltose binding protein (MBP) were purified using amylose resin ( Figure S5 ) and subsequently analyzed for hydrolase activity (Figures 2, 3 , S6 and S7). Soluble MBP fused AtMAGL12 and -13 proteins were not obtained, even though different combinations of host E. coli strains, temperatures for bacterial growth and concentrations of isopropyl-b-D-thiogalactopyranoside (IPTG) were tested.
To determine the hydrolysis activity of the 14 AtMAGLs and HsMAGL on MAG substrates, each recombinant MAGL, and also MBP as a control, were incubated in various pH conditions (pH 5.5-10.0) with MAG substrates containing 18:2 fatty acid at the sn-1 position and non-esterified fatty acid (NEFA) products were analyzed using a NEFA Assay Kit. When the HsMAGL was observed to have maximum hydrolase activity at pH 8.0, similar to published results (Somma-Delpero et al., 1995) , 11 of 14 AtMAGLs exhibited hydrolysis activity ( Figure 2 ). Although the hydrolase activities of the recombinant AtMAGL6 and -8 proteins were approximately 9-to 280-fold higher than those of other AtMAGL proteins, all AtMAGLs showed the highest hydrolase activity at pH 8.0 or pH 9.0. Among the 11 AtMAGLs, AtMAGL6 and -8 showed similar activity per milligram of protein to that of the HsMAGL protein.
Arabidopsis MAGLs exhibit acyl hydrolase activities with MAG and lysophospholipid substrates
To examine the substrate specificity of putative AtMAGLs, the recombinant AtMAGL proteins were incubated with various substrates, MAG, DAG, TAG, LPC, lysophosphatidylethanolamine (LPE), monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG) at 30°C for 30 min. The protein-dependent, substrate-dependent and time-dependent hydrolase activities of the HsMAGL and AtMAGL proteins were measured with MAG, LPC or LPE with 18:2 fatty acids at the sn-1 position. The rate of hydrolysis was proportional to the amount of protein, the time and the amount of emulsified substrates. Apparent K m values for MAG were calculated to be 150 lM for HsMAGL and AtMAGL8, 160 lM for AtMAGL6 and À15, 170-175 lM for AtMAGL1, À9 and À10, 200-250 lM for AtMAGL2, À4 and À7, and 300 lM for AtMAGL14 and À16 ( Figure S6 ). In addition, AtMAGL4 was shown to have apparent K m values for LPC of 250 lM and AtMAGL1, -2 and -4 also have apparent K m values for LPE of 280, 240 and 220 lM, respectively ( Figure S7 ). In summary (Table 1) , 11 of the 14 purified proteins indeed possess MAG lipase activity and AtMAGL6 and À8 exhibited the strongest acyl hydrolase activities. In addition to the acyl hydrolase activities with MAG substrates, AtMAGL1 and À2 also showed acyl hydrolase activities with LPE substrates and AtMAGL4 displayed acyl hydrolase activities with both LPC and LPE substrates. Interestingly, AtMAGL4 showed acyl hydrolase activities with LPC and LPE substrates rather than MAG substrates. The AtMAGL10, À14 and À16 proteins showed very low acyl hydrolase activities in MAG. However, the AtMAGL3, À5 and À11 proteins, as well as MBP, exhibited no acyl hydrolase activities with any of the substrates tested. Furthermore, no acyl hydrolase activities with DAG and TAG substrates were observed in any AtMAGLs and HsMAGLs under the same conditions, while commercial TAG lipase from Candida rugosa showed acyl hydrolase activities with DAG and TAG. Finally, because AtMAGL2, À4 and À5 were localized into the chloroplasts in tobacco protoplasts we tested activity with plastid lipids. However, no activities with MGDG and DGDG were observed in the AtMAGL2, À4 and À5 proteins.
Regiospecificity and substrate specificity of recombinant AtMAGLs
It has been known that the majority of TAG lipases prefer sn-1 and sn-3 positions over sn-2 (Nilsson-Ehle et al., 1973) . Therefore, to investigate the preference of the AtMAGLs for the position of the acyl group with MAG substrates, 11 AtMAGL proteins were further analyzed using MAG substrates with 18:2 fatty acids at the sn-1 or sn-2 positions. Eight AtMAGLs (1, 2, 6, 7, 8, 9, 15 and 10) as well as HsMAGL showed similar activity with both sn-1 and sn-2 MAG isomers (Navia-Paldanius et al., 2012). However, AtMAGL4, -14, and -16 showed approximately two-to three-fold higher preference for sn-1 MAG isomers over sn-2 MAG isomers ( Figure 3 ).
In addition, the acyl hydrolase activities of 11 AtMAGLs were measured with MAG substrates with various numbers of double bonds and acyl chain lengths. The AtMAGL6, À7, À8 and À15 proteins as well as HsMAGL proteins clearly showed higher hydrolase activities with MAG with unsaturated 16:1, 18:1, 18:2, and 18:3 fatty acids than saturated 16:0 and 18:0 fatty acids. Although the hydrolase activities were relatively low, the AtMAGL1, À2, À4, À9, À10, À14, À15 and À16 proteins also showed greater preference for unsaturated fatty acids than saturated fatty acids. Interestingly, AtMAGL1, À2, À7, À8 and À15 exhibited hydrolase activities with MAG with 20:1 fatty acids, which are abundant in Arabidopsis seeds, and the highest acyl hydrolase activity was observed in AtMAGL8 (Table 2) . It should be noted that the solubility of MAG with unsaturated fatty acids might be better than that of MAG with saturated fatty acids at 30°C although all substrates were emulsified.
Expression of Arabidopsis MAGL genes in various Arabidopsis organs, developing pollens, germinating seeds and senesced leaves and in young seedlings after abiotic stress treatments
We investigated the spatial expression patterns of the 16 putative AtMAGL genes in various Arabidopsis organs, using the public microarray data from the Arabidopsis eFP browser (http://bbc.botany.utoronto.ca/efp/cgi-bin/efp-Web.cgi). The AtMAGL4 and -13 genes were predominantly expressed in pollen, but very weakly expressed in other Arabidopsis organs. The AtMAGL3 and À12 genes were expressed in all organs except for pollen, and in particular higher expression of AtMAGL3 was observed in roots and stems relative to other organs. Although the levels of gene expression were a little different, the AtMAGL12 and 15 genes were ubiquitously expressed in Arabidopsis organs. The AtMAGL10 and 11 genes were specifically expressed in pollen. The AtMAGL8 transcripts were detected in all organs tested, but in particular strong expression of AtMAGL8 was observed in pollen and germinating seeds. Low expression of AtMAGL1, À2, À5, À6 and À9 genes, and no or very low expression of AtMAGL7 and À14 genes were observed in all Arabidopsis organs tested ( Figure 4a ).
In particular the expression levels of AtMAGL genes which were specifically or predominantly expressed in pollen or germinating seeds were further examined during pollen development and seed germination to find the putative AtMAGLs involved in breakdown of storage oil (Honys and Twell, 2004; Nakabayashi et al., 2005) . The expression levels of AtMAGL4, À8 and À10 increased in tricellular and mature pollen stages ( Figure 4b ). The levels of AtMAGL8 and À16 transcripts were upregulated, but no significant changes were observed in the levels of AtMAGL12 transcripts during seed germination (Figure 4c ).
Next, the previous reports that genes encoding a lipase are induced during leaf senescence prompted us to investigate if AtMAGL genes are also affected during natural leaf Table 1 Substrate specificity of recombinant Arabidopsis monoacylglycerol lipase (AtMAGL) proteins. The recombinant human MAGL (HsMAGL) and AtMAGL proteins and MBP were incubated with various lipid substrates containing 18:2 fatty acids at the sn-1 (MAG, DAG, TAG, LPC, LPE, MGDG, and DGDG), sn-2 (TAG and DGDG), and sn-3 (DAG, TAG) positions (Table S4) at 30°C for 5 min and the released non-esterified fatty acid products were measured using a NEFA Assay Kit (see Experimental Procedures). All lipid substrates (summarized in Table S4 ) were emulsified in 0.2% Triton X-100 by sonication. The protein and substrate concentrations used in this assay are given in Table S5 . senescence (Hong et al., 2000; Padham et al., 2007; Troncoso-Ponce et al., 2013) . Under conditions where the expression of a leaf senescence-associated gene (WRKY53) was induced in early stage senescent leaves (Hinderhofer and Zentgraf, 2001) , the levels of AtMAGL3, À4, À6, À8 and À13 transcripts were increased (by approximately 2-, 3-, 3.4-, 5-and 4.5-fold, respectively) but the expression of AtMAGL16 decreased by approximately six-fold in senescing leaves. No significant alterations in the levels of other AtMAGLs were observed during leaf senescence (Figure 4d) .
To further investigate if the expression of AtMAGL genes is regulated by abiotic stresses, the induction of AtMAGL genes was analyzed using public microarray data from the Arabidopsis eFP browser. Under conditions where the expression of the RD29A gene was strongly induced under salt, osmotic and cold stresses (Yamaguchi-Shinozaki and Shinozaki, 1993), the expression of AtMAGL2 in the aerial part of 2-3-week-old Arabidopsis was induced by approximately four-fold and three-fold, respectively, 3 h after salt and osmotic stress treatments. After salt, osmotic and cold stress treatments, the AtMAGL4 transcripts were upregulated by more than eleven-and five-fold in the aerial and root parts, respectively. The expression of AtMAGL13 was upregulated by approximately five-and three-fold in the roots after salt and cold stress treatment, respectively, whereas the mRNA levels of AtMAGL6 increased by about five-fold in roots after salt treatment ( Figure S8 ).
Subcellular localization of AtMAGLs
To provide initial information on the subcellular localization of Arabidopsis MAGL proteins, we fused the 16 AtMAGLs with enhanced yellow fluorescent fusion protein (eYFP) at the C terminus. Expression of AtMAGL:eYFP genes in tobacco epidermal cells or protoplast cells was examined by confocal microscopy. The mRFP, GFPHDEL and STtmd:GFP constructs were used as cytosol, endoplasmic reticulum (ER) and Golgi markers, respectively (Lee et al., 2009; Oikawa et al., 2010) . Autofluorescence from chloroplasts was used as a marker for proteins targeted to the chloroplasts (Ruf et al., 2007) . Fifteen AtMAGL:eYFP proteins were localized to three sites, ER and/or Golgi complex, cytosol and chloroplasts, in tobacco epidermal cells or protoplasts. Fluorescent signals from AtMAGL9:eYFP were not detected in our system. The eYFPs fused with AtMAGL1, À3, À6, À7, À8, À11, À13, À14 and À16 were observed to localize in the ER and/or Golgi network (Figures 5a and S9, Table S1 ). The fluorescent signals from the eYFP-fused AtMAGL10, À12 or À15 constructs were merged with the fluorescent signals from tobacco epidermal cells co-transformed with an mRFP construct, indicating that AtMAGL10, À12 or À15 were localized into the cytosol (Figure 5b , Table S1 ). Finally the eYFP-fused AtMAGL2, À4 and À5 were observed to be targeted to the chloroplasts of tobacco protoplasts (Figure 5c , Table S1 ). It should be noted that fluorescent tags might in some cases modify the subcellular localization of proteins (Millar et al., 2009; Moore and Murphy, 2009; Quattrocchio et al., 2013) . Therefore, although the above results provide an important initial indication of localization, future research should be done to substantiate these observations.
In addition, SDP1 was localized in the surface of oil bodies in a seedling transiently expressing the SDP1-GFP fusion protein (Eastmond, 2006) . Therefore we further examined if AtMAGL8, which exhibited strong MAG hydrolase activities and was induced during seed germination, is Table 2 Substrate specificity of recombinant Arabidopsis monoacylglycerol lipase (AtMAGL) proteins on various fatty acids of monoacylglycerols (MAGs). The recombinant human MAGL (HsMAGL) and AtMAGL proteins and maltose binding protein were incubated with MAG with various fatty acids at the sn-1 position and released non-esterified fatty acid products were measured. The values (lmol mg À1 min À1 ) were measured after 30 min incubation and are an average of three independent experiments AE standard errors. Assays were conducted according to the range of linear dose-response ( Figure 3 associated with the surface of oil bodies. The AtMAGL8 pro:AtMAGL8:eYFP construct was transformed into Arabidopsis. Agrobacterium tumefaciens carrying a CaMV35-Spro:WRI1 construct were infiltrated in tobacco epidermal cells. After 24 h of infiltration, agrobacteria harboring a CaMV35Spro:AtMAGL8:eYFP construct were infiltrated into the leaves at the same location. The fluorescent signals were observed in transgenic Arabidopsis seeds after 12 h of germination (Figure 5di -iii) and tobacco epidermal cells 48 h after infiltration (Figure 5div-ix) . Oil bodies were stained with Nile red. These results showed that AtMAGL8 was associated with the surface of oil bodies.
DISCUSSION
During the plant life cycle plant lipid breakdown is known to be an essential catabolic process for mobilization of seed oils and is critical for remobilization and detoxification/remodeling of membrane lipids. However, little is known about the molecular and biochemical processes involved in the last step of breakdown of either storage or membrane lipids, which is the hydrolysis of MAG to glycerol and a free fatty acid. In this study, we showed that 11 recombinant Arabidopsis MAGLs indeed possess MAG lipase activities and AtMAGL1, À2 and À4 also harbor LPC and/or LPE hydrolase activities. All the active recombinant AtMAGLs preferred MAG substrates with unsaturated fatty acids over saturated fatty acids and, in particular, AtMAGL1, À2, À7, À8 and À15 exhibited hydrolase activities with MAG having 20:1 fatty acids, which are abundant in Arabidopsis seeds. All recombinant AtMAGLs, except AtMAGL4, -14 and -16, as well as HsMAGL protein, showed preference for both sn-1 and sn-2 MAG substrates (Navia-Paldanius et al., 2012). In addition, we characterized the spatial, temporal and abiotic stress-inducible expression patterns and subcellular localization of 16 Arabidopsis genes, which were grouped into a MAGL gene family based on sequence similarity of known MAG lipases. It was further confirmed that AtMAGL8 was associated with the surface of oil bodies in germinating seeds and leaves accumulating oil bodies. Together, these findings provide important steps in the characterization of one of the least well-understood groups of Arabidopsis lipid-related enzymes, and will be useful for understanding the in planta functions of each MAGL family member in Arabidopsis.
It is known that proteins with many different enzyme activities related to ester bonds have been annotated as 'lipase', but experimental evidence confirming their enzyme activities or in planta roles is available in only a few cases (Li-Beisson et al., 2013) . Therefore, a critical first step in understanding the functions of proteins annotated as lipase is examination of their substrate specificity. In assays using the recombinant Arabidopsis MAGLs, we found that AtMAGL6 and À8 contain predominantly strong substrate specificity for MAG relative to DAG, TAG, LPC and LPE substrates (Labar et al., 2010b) . AtMAGL4, À9, À10, À14 and À16 also function as MAG lipases, although their activities were lower than those of AtMAGL1, À2, À6, À7, À8 and À15. The apparent K m values (150-300 lM) of the recombinant AtMAGLs were similar to those (150-300 lM) of the recombinant HsMAGL and MAGLs purified from rat adipose tissue (Tornqvist and Belfrage, 1976) and human erythrocytes (Somma-Delpero et al., 1995) . However, the lower specific activities of the recombinant HsMAGL and AtMAGLs relative to rat and human MAGLs and lack of hydrolase activity of AtMAGL3, -5 and -11 could have resulted from low enzyme purity, the recombinant protein being fused with MBP, an insufficient bacterial host for expressing eukaryotic proteins and/or the lower sensitivity of fluorescent detection system compared with a radioisotopic detection system.
In addition, there is evidence that a number of proteins that have been initially annotated as 'lipase' catalyzing the hydrolysis of esters are also able to catalyze the reverse reaction, transesterification. A gene annotated as a GDSL lipase was identified as an acyltransferase involved in cutin biosynthesis (Yeats et al., 2012) . Two Arabidopsis genes (At1 g54570 and At3 g26840) annotated as lipase were involved in the synthesis of fatty acid phytyl esters in chloroplasts (Lippold et al., 2012) . Yeast Tgl3p protein, known as TAG lipase, has a H 298 X 4 D 303 motif and G 235 XS 237 XG 239 lipase motif. The site-directed mutagenesis analysis of Tgl3p (the H298A of HX 4 D motif and the S237A of GXSXG motif) showed that acyltransferase and TAG lipase motifs act independently of each other (Rajakumari and Daum, 2010) . Among the 16 AtMAGL members, AtMAGL3, which contains both a HX 4 D acyltransferase motif and a GXSXG lipase motif, was reported to have both MGAT and acyl hydrolase activities (Vijayaraj et al., 2012) . When it was analyzed if other AtMAGL members (Yamamoto et al., 2014) and germinating seeds (GS) after 24 h of imbibition. (b) Expression of AtMAGL4, À8 and À10 during pollen development (Honys and Twell, 2004) . (c) Expression of AtMAGL8, À12 and À16 in germinating seeds (Nakabayashi et al., 2005) . (a)-(c) The AtMAGL:eYFP constructs were transiently co-expressed in tobacco epidermal cells or protoplasts with each marker construct such as mRFP, GFPHDEL, and STtmd:GFP [used for cytosol, endoplasmic reticulum (ER) and Golgi markers, respectively]. The fluorescent signals were visualized under a laser confocal scanning microscope 48 h after infiltration. Autofluorescence from chloroplasts is shown in red. Scale bars: 20 lm in the tobacco protoplasts and 10 lm in the epidermal cells. (d) The AtMAGL8pro:AtMAGL8:eYFP construct was transformed into Arabidopsis (i-iii). Agrobacterium tumefaciens carrying a CaMV35Spro:WRI1 construct were infiltrated in tobacco epidermal cells (Sanjaya et al., 2011) . After 24 h of infiltration, agrobacteria carrying a CaMV35Spro:AtMAGL8:eYFP construct were infiltrated into the leaves at the same location. The fluorescent signals were observed in transgenic Arabidopsis seeds after 12 h of imbibition (i-iii) and tobacco leaves 48 h after the second infiltration (iv-vi). Oil bodies were stained with Nile red. The parts in white boxes in parts iv-vi are shown magnified in vii-ix. Scale bars: 20 lm. also possess a HX 4 D motif in addition to a GXSXG motif, AtMAGL1 and À11 were found to have 'HGYGND' and 'HGYAID' motifs, respectively. Therefore, it remains to be investigated if AtMAGL1 and -11 may have acyltransferase activities.
Interestingly, AtMAGL3 was first identified as a lysoPL2 enzyme, which plays a role in detoxification or remodeling of membrane lipids under cadmium oxidative stress (Gao et al., 2010) . Vijayaraj et al. (2012) had reported the MAG hydrolase activities of AtMAGL3 (not observed in Table 1 ). Later, AtMAGL3 was known to function as a caffeoyl shikimate esterase (CSE) involved in lignin biosynthesis (Vanholme et al., 2013) . Caffeoyl shikimate accumulated in a cse mutant relative to the wild type and was almost completely hydrolyzed into caffeic acid by recombinant CSE (Vanholme et al., 2013) . Furthermore, the AtMAGL3 transcripts were predominantly expressed in stems and roots (Figure 4a) , where a phenolic polymer, lignin, is deposited for strengthening xylem vessels to transport water and nutrients. So far, the latest report fits well with our observation that recombinant AtMAGL3 exhibited no acyl hydrolase activities with MAG (Table 1) .
Using computational modeling AtMAGL8 was determined to be closest in structure to a human MAGL (Figure 1) . This result is consistent with the observation that recombinant AtMAGL8 harbors MAG lipase activity at a level similar to HsMAGL (Table 1 ). AtMAGL8 as well as HsMAGL also exhibited no hydrolase activities with LPC and LPE substrates (Table 1 ). In addition, predominant expression patterns of AtMAGL8 in pollens and germinating seeds, the co-expression of AtMAGL8 and genes involved in storage oil breakdown (Table S2 ) and localization of AtMAGL8:eYFP in the surface of oil bodies in germinating seeds and leaves accumulating oil bodies (Figure 5d ) suggest that AtMAGL8 might function in TAG breakdown and/or membrane-lipid remodeling during pollen tube growth, seed germination and early seedling establishment.
Computational structure analysis indicated that all 16 Arabidopsis MAGLs share a three-dimensional fold, called the a/b-hydrolase fold, which was also observed in human MAGL ( Figure S3 ; Ollis et al., 1992; Labar et al., 2010a) .The catalytic triad (Ser, His and Asp) that is essential for hydrolase activity was conserved in all 16 Arabidopsis MAGLs (Karlsson et al., 1997) . Fourteen Arabidopsis MAGLs contain the classical GXSXG consensus sequence common to most serine hydrolases (Derewenda and Derewenda, 1991) . However, when the first glycine residue changed to a serine residue in the GXGXG motifs of AtMAGL14 and À16, their hydrolase activity significantly decreased compared with that of AtMAGL1 in the same group III (Table 1) , indicating that the GXGXG motif is critical for lipase activities. As shown in Figure S4 , the U-shaped lines shown in HsMAGL and AtMAGL8 were also distorted into W-shaped lines in AtMAGL14 and -16 (Bertrand et al., 2010; Labar et al., 2010a) .
In humans and mice, two types of MAGLs have been identified: cytosolic and plasma membrane forms (Dinh et al., 2002; Blankman et al., 2007) . In yeast (Saccharomyces cerevisiae), MAG hydrolase activity was observed in membranes and lipid droplets but not detectable in the cytosolic fraction (Heier et al., 2010) . Again, the fluorescent signals were only detected in the lipid droplets when the GFP-fused yeast MAGL (Yju3p) construct was transformed into the yju3D cells (Heier et al., 2010) . Among the 16 AtMAGLs, 9 AtMAGLs (À1, À3, À6, À7, À8, À11, À13, À14 and À16) were observed to be targeted into the ER and/or Golgi network, indicating that these enzymes might be responsible for efficient breakdown of TAG and/or membrane lipid remodeling. All nine members were shown to have specific motifs for diacidic ER export signals (ExxD and ExD/DxE) and cycling between the ER and the Golgi apparatus (KKxx) ( Table S1 ; Chatre et al., 2009; Hanton et al., 2005; Andersson, 1999) . As observed in humans and mice (Dinh et al., 2002; Blankman et al., 2007) , AtMAGL10, À12 and À15 were also identified as cytosolic forms of MAGL in Arabidopsis. In a previous report (Gao et al., 2010) , GFP:lysoPL2 was localized into the plasma membrane and ER in onion and tobacco leaf epidermal cells. However, among the 16 AtMAGLs, none showed fluorescent signals in the plasma membranes of tobacco leaf epidermal cells or protoplasts transformed with each YFP-fused AtMAGL construct in our system. More precise experiments such as separation of the plasma membrane, increased fluorescent signal intensity or expression of the YFP-fused construct in Arabidopsis will be required in further studies.
In addition, we revealed that Arabidopsis contains an additional MAGL form targeted into the chloroplasts (Figure 5c ). On the basis of previous reports (Gavel and von Heijne, 1990 ; Table S1 ) the N-terminal regions of the AtMAGL2, -4 and -5 proteins were predicted to harbor transit peptide domains that are required for the chloroplast targeting. In particular, expression of AtMAGL2 and -4 was significantly induced by salt, osmotic and cold stresses ( Figure S8 ). AtMAGL2 and -4 showed hydrolase activities not only with a MAG substrate but also with LPC and/or LPE substrates (Table 1 ). According to Dorne et al. (1985) , it was reported that envelope phosphatidylcholine was present in the outer leaflet of the outer envelope membrane, but not in the inner envelope membrane and thylakoids. TAG was also observed in plastoglobuli, which are lipid bodies localized in the stroma of chloroplasts (Martin and Wilson, 1984) . Therefore, this evidence suggests that AtMAGL2 and -4 might function in plastidial outer membrane-lipid remodeling and/or TAG breakdown in plastids.
During leaf senescence, it has been suggested that the formation of TAG may be an intermediate step for mobilization of membrane lipid carbon to phloem-mobile sucrose (Kaup et al., 2002) . According to Yang and Ohlrogge (2009) , TAG content was approximately 0.5 lg mg À1 dry weight in senescing Arabidopsis leaves. Fatty acid breakdown in Arabidopsis leaves was about 1.6% per day, resulting in an 83% lower fatty acid content per dry weight at the end of senescence. The expression levels of AtMAGL4, À6, À8 and À13 significantly increased in senescing leaves (Figure 4d ), suggesting that they might play roles in mobilization of plastidial and extra-plastidial membrane lipids during leaf senescence.
In this study, 16 Arabidopsis genes annotated as MAG lipase were characterized by (i) computational modeling of the three-dimensional protein structures, (ii) enzyme activities, (iii) gene expression patterns in various organs including developing pollens and germinating seeds, during leaf senescence and in young seedlings after by abiotic stress treatments, and (iv) subcellular localizations. Our approaches successfully narrowed down from 16 Arabidopsis MAG lipase candidates 11 whose functions cannot be inferred from their amino acid sequences alone. AtMAGL6 and -8 showed specific activities similar to that of the HsMAGL from adipose tissue, and AtMAGL8 is, by far, the best candidate for involvement in storage lipid breakdown during seed germination. In conclusion, our findings provide fundamental molecular and biochemical information about Arabidopsis MAGLs, which will be useful for better understanding of possible roles for these enzymes, including their involvement in complete TAG breakdown, detoxification of membrane lipids and remobilization of carbon and energy reserves from glycerolipids in Arabidopsis.
EXPERIMENTAL PROCEDURES
Plant materials and growth conditions
Arabidopsis thaliana ecotype (Col-0) and Nicotiana benthamiana were used in this study. For plant growth, Arabidopsis and tobacco seeds were incubated at 4°C for 3 days and sterilized in 70% (v/v) ethanol for 1 min and 20% (v/v) bleach for 5 min, after which they were washed with distilled water. The sterilized seeds were germinated on half-strength MS medium supplemented with 1% (w/v) sucrose and 0.6% (w/v) phytoagar. Seven-day-old seedlings were transplanted to soil (2:3:1 mixture of vermiculite, peat moss and perlite, respectively), and plants were grown in a growth room at 22°C with a relative humidity 50% under long-day conditions (16 h light and 8 h dark).
Prediction of three-dimensional protein structures
The multiple sequence alignment of Arabidopsis MAGLs and their human homologs (GenBank ID NP_009214.1) were performed using the CLUSTALX program (Thompson et al., 1997) . The X-ray structure of a human MAGL [Protein Data Bank (PDB) ID 3HJU], which was obtained from the PDB (http://www.rcsb.org/pdb/), was used as a template for model construction. Modeling of the AtMAGL protein structure was performed using the Phyre v.2.0 website (http://www.sbg.bio.ic.ac.uk/phyre2). Molecular graphic images were produced using PYMOL v.0.99 software (http:// www.pymol.org/).
Complementary DNA cloning
Total RNAs were isolated from roots, pollen and rosette leaves of 6-week-old Arabidopsis using a RNeasy Plant Mini Kit (Qiagen, http://www.qiagen.com/) according to the manufacturer's instructions. Two micrograms of total RNAs was converted into the firststrand cDNA using GoScript reverse transcriptase (Promega, http:// www.promega.com/). The AtMAGL cDNAs were amplified by a C1000 TM thermal cycler (Bio-Rad, http://www.bio-rad.com/) using the gene-specific primers shown in Table S3 , and then ligated in the pMAL-c2 vector (New England BioLabs, https://www.neb.com/) for protein expression in E. coli. Human MAGL cDNA from human adipose tissue was purchased (Clontech, 636558; http://www.clontech.com/) and cloned in the pMAL-c2 vector.
Purification of the recombinant MBP fusion MAGL proteins from E. coli
Escherichia coli BL21 (DE3)-RIL strains containing each constructed plasmid were grown in LB medium supplemented with 100 lg ml À1 ampicillin at 37°C for 16 h in 50-ml Erlenmeyer flasks and the recombinant MAGL proteins were induced with 0.5 or 1 mM IPTG. The harvested E. coli cells were resuspended in column buffer [20 mM 2-amino-2-(hydroxymethyl)-1,3-propanediol (TRIS)-HCl, pH 7.4, 200 mM NaCl, 1 mM EDTA and 10 mM b-mercaptoethanol]. The cell suspension was incubated with 100 lg ml À1 lysozyme (Sigma-Aldrich, http://www.sigmaaldrich.com/) on ice for 30 min and then was lysed on ice with a Vibracell TM sonicator (Sonics and Materials Inc., http://www.sonics.com/). The recombinant MAGL proteins were purified by affinity chromatography using amylose resin (New England BioLabs) and electrophoresed in 12% SDS-polyacrylamide gels ( Figure S5 ).
In vitro enzymatic assays
The in vitro assay to measure lipase activity was performed as previously described (Seo et al., 2008) . The purified MBP:MAGLs and commercial TAG lipase from Candida rugosa (Sigma L-1754) were quantified by Bradford methods (Bradford, 1976) . To investigate the optimum pH for the activity of AtMAGLs, the purified MBP:MAGLs were incubated with MAG (150-300 lM) containing an 18:2 fatty acid at the sn-1 position in 100 ll of 50 mM 2-(N-morpholine)-ethanesulfonic acid (MES) buffer (pH 5.5), sodium phosphate buffer (pH 6.0-8.0) and glycine-NaOH buffer (pH 9.0-10.0) at 30°C for 30 min. All other MAGL activity assays were performed in a final volume of 100 ll containing 50 mM sodium phosphate buffer (pH 8.0) or 50 mM glycine-NaOH buffer (pH 9.0), 100-1200 lM lipid substrates (Table S4) , 0.2% Triton X-100 and proteins (0.1-40 lg; Table S5 ) at 30°C for 30 min. In particular, all lipid substrates were emulsified in 0.2% Triton X-100 by sonication for 30 sec three times before being added to the total reaction mixture. The released NEFA products were measured with a NEFA-HR colorimetric kit (Wako Pure Chemicals, http://www.wako-chem.co.jp/ english/) using Synergy H1 Hybrid Multi-Mode Microplate Readers (BioTek, http://www.biotek.com/) at 546 nm.
Subcellular localization assays and Nile red straining
The coding sequences of AtMAGL genes were amplified by PCR using specific primers shown in Table S3 , and the eluted PCR fragments were cloned into KpnI and XmaI sites in the binary plasmid pPZP212 (Hajdukiewicz et al., 1994) which harbors a CaMV35S promoter, eYFP and Rubisco small subunit (rbcS) terminator. The resulting constructs were transformed into Agrobacterium tumefaciens strain GV3101 via the freeze-thaw method (An, 1987) . Two types of A. tumefaciens cells harboring each AtMAGL:eYFP construct or each subcellular localization marker construct, including mRFP (cytosol), GFPHEDL (ER) and STtmd:GFP (Golgi network), were co-infiltrated into the abaxial side of tobacco leaves using a needless 1-ml syringe as described in Sparkes et al. (2006) . Protoplasts were isolated from mesophyll cells of tobacco leaves 2 days after Agrobacterium infiltration (Abel and Theologis, 1998) .
In addition, the promoter 1475 bp of AtMAGL8 were amplified by PCR using gene-specific primers (Table S3) , and the eluted PCR fragments were cloned into EcoRI and SacI sites in the binary vector pPZP212 (Hajdukiewicz et al., 1994) harboring the AtMAGL8: eYFP gene. The resulting constructs were transformed into A. tumefaciens strain GV3101 via the freeze-thaw method (An, 1987 ). An Agrobacterium culture carrying a AtMAGL8 promoter: AtMAGL8:eYFP construct was transformed into Arabidopsis by the floral dip method (Clough and Bent, 1998) . The fluorescent signals were observed in transgenic Arabidopsis seeds after 12 h of germination. To induce the oil bodies in N. benthamiana leaves, the Arabidopsis WRI1 gene driven by the CaMV35S promoter and a p19 viral suppressor were co-infiltrated into the abaxial epidermal cells of tobacco leaves (Sanjaya et al., 2011; Vanhercke et al., 2013) . After 1-day of co-infiltration, agrobacteria harboring the CaMV35Spro:AtMAGL8:eYFP construct were infiltrated into the leaves at the same location. After 3-days of infiltration, the leaves were cut into squares of 0.5 cm, stained in 100 ll of 10 mM TRIS-HCl buffer (pH 8.0) containing 1% (w/v) Nile red (Sigma-Aldrich) for 20 min, and then washed with 10 mM TRIS-HCl buffer for 5 min. Samples were detected using a TCS SP5 AOBS/Tandem laser confocal scanning microscope (Leica, http://www.leicamicrosystems.com/) for YFP at 514 nm, for GFP at 488 nm and for Nile red at 561 nm, and the emitted fluorescence was collected for YFP at 520-534 nm, for GFP at 490-510 nm and for Nile red at 577-608 nm. All confocal images were visualized using LAS AF Lite v.2.6 (Leica).
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